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Abstract 
 Diploma thesis is focused on a theme – “Protection Settings and Selectivity in Industrial Network”. Content of the thesis include protection settings calculations - mainly, overcurrent and ground-fault protection functions. Also, diploma contains selectivity charts for the equipment used in the given industrial network. Electrical equipment were predefined by a customer and were tested with a load flow calculation in a software. For the protection purposes short-circuit currents were calculated as well.  
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Introduction  
In the given diploma project, protection settings should be set according to the relative standards. 
A software used for protection settings definition is called DigSILENT. One of the purposes is to correctly 
set protection settings which had been chosen by customer. The second task is to test software in a real 
industrial network. The test of a software will include - checking equations used in a software, comparing 
with a relative standard - IEC, IEEE and making a selectivity charts for a switchboard in a given industrial 
network. 
First chapter describes theoretical background of protection settings. It includes brief description 
and example cases where each of protection setting could be used. 
Second chapter describes short-circuit calculation theory basis. Short-circuit calculation is a main 
part of a calculation used for a protection settings definition. So, methods of calculation described by IEC 
standard equation used in this chapter. 
Third chapter includes examples of a short-circuit calculation of a real industrial network. Special 
software is used for a it. So, a method of a calculation used in this software described in the beginning of a 
chapter. Then, real industrial network short-circuit calculation presented. 
In a fourth chapter overcurrent selectivity charts of an industrial network presented. Network was 
divided into several elements like transformer, motor, incomer lines and bus tie. For each of an element 
selectivity charts were made. Also, a description of an overcurrent stages used is provided below charts. 
Fifth chapter is made on a basis of a fourth chapter and include detailed description of selectivity 
charts provided above. Equations for the protection settings used and description of an inrush current 
influences on the overcurrent protection provided. 
Last chapter contains a summarization of a work done. 
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1 Theoretical Background of protection 
1.1 Basic Principles of Protection Devices Industrial networks are characterised by a highly specific, in most cases they could be affected by heavy load, a high density of switchgear and distribution boards with high short-circuit power, short distances between the switchgear, predominant use of cables, operation of dynamic and non-linear loads, and frequent 
inhouse power generation. For the purpose of industrial network protection, it’s possible to choose different types of relays.  They could be divided according to the following functional descriptions: 
– Overcurrent relay - a relay that operates or picks up when its current exceeds a pre-determined value. 
– Differential relay - a relay that, by its design or application is intended to respond to the difference between incoming and outgoing electrical quantities associated with protective apparatus. 
– Directional relay - a relay that responds to the relative phase position of a current with respect to another current or voltage reference. 
– Distance relay - a relay that responds to the relative phase position of a current with respect to another current or voltage reference. To describe the basic principle of operating of relay I will use an example of electromechanical relay. Electromechanical relays represent a mature technology for protective devices that have been widely used for many years and are still applied for many purposes. These devices have been proven to be sturdy and reliable and are often favoured by protection engineers for many applications because of their reliable performance and low cost.  
 Figure 1.1–Solenoid and induction disk overcurrent relays.  (1) Solenoid instantaneous unit. (2) Induction disk inverse time overcurrent unit.  Figure 1.1 illustrates two of simplest forms of electromechanical devices. Relay (1) is a simple solenoid. For current above the threshold 𝐼0 the force developed by the solenoid plunger overcomes the force of gravity and closes the open contacts. The solenoid relay is often referred to as an "instantaneous relay," a somewhat ambiguous term that generally is meant to mean "fast," or at least to operate without intentional delay. The speed of this type of relay actually depends on the magnitude of current flowing in the solenoid, and if the current is large the relay will trip in about one cycle. 
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Figure 1.1 (2) illustrates one of the simplest applications of the induction disk in protective relaying. The disk can be caused to rotate due to eddy currents that flow in the disk, the currents being induced due to the fields established by the poles. There are many ingenious forms of induction disk relays. This one measures only the current, but the shape of the relay time-current characteristic can be changed to represent the various generic types (Definite Minimum Time, Moderately Inverse, Inverse, Very Inverse, Extremely Inverse, etc.). The time required to trip for a given current depends on the angle of rotation required to cause the movable contact to reach the fixed contact. This angle, and hence the time to trip, is adjustable by the "time lever" or dial setting, whereby the fixed contact can be adjusted to a desired angular displacement. This simple feature makes the relay very flexible in its application and provides a valuable characteristic for coordination with other protective devices [1]. The protection system is the ensemble of the instrument transformers and the relays with proper settings. Describing instrument transformers, they intended to transmit an information signal to measuring instruments, meters and protective or control devices or similar apparatus. Instrument transformers are dividing on different types such as current and voltage transformers.  Voltage transformer – an instrument transformer in which the secondary voltage, in normal conditions of use, is substantially proportional to the primary voltage and differs in phase from it by an angle which is approximately zero for an appropriate direction of the connections [2]. Current transformer – an instrument transformer used for measuring high value of the current on primary side by transforming to lower current value on secondary side.  1.2 Description of Basic Principles of Protection Settings in Medium Voltage 
Describing basic principles of MV protection settings, it’s necessary to admit key objectives of the protection system: 
– limit damage to people and to the electrical equipment; 
– allow service and operation modes of industrial network; 
– guarantee maximum service continuity for the plant/substation in case of a fault; The main characteristics of the protection system of an electric network are: 
– safety: relay should operate with tripping time calculated by using IEC, IEEE and other international standards  (it must not operate during transients). 
– selectivity: relay should operate in respect of different stages, guaranteeing maximum service continuity with minimum disconnection of the network;  
– speed: tripping times should not exceed limits in order to prevent damage of the electrical equipment and limit of arc-flash distinguish time; 
– economy: assessed as the cost of the protection system in relation to the cost of malfunctioning. Selection of  the type of function used by relays are based on several input conditions: 
– type of the grid; 
– type of protected electrical devices 
– short-circuit currents and thermal current value (maximum and minimum); 
– backup availability; 
– acceptable risk (consequences of the fault); The main purpose is to achieve the best technical and economical compromise which allows the most effective protections to be chosen. The electric protections are divided into several types and have different applications, for example: 
– differential protection (e.g. differential); 
– protection of electrical equipment (e.g. motor, line, transformer); 
– selective protection (e.g. overcurrent, undervoltage); 
– non-selective protection (e.g. frequency, overtemperature); 
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1.3 Overcurrent protection 
1.3.1 Three-phase non-directional current protection The three-phase non-directional overcurrent protection function 51P is used as one-phase, two-phase or three-phase non-directional overcurrent and short-circuit protection. 51P is used in several applications in the power system. The applications include but are not limited to: 
– Selective overcurrent and short-circuit protection of feeders in distribution and sub transmission systems 
– Backup overcurrent and short-circuit protection of power transformers and generators 
– Overcurrent and short-circuit protection of various devices connected to the power system, for example shunt capacitor banks, shunt reactors and motors 
– General backup protection The function starts when the current exceeds the set limit. The operate time characteristics for low stage 51P-1 and high stage 51P-2 can be selected to be either definite time (DT) or inverse definite minimum time (IDMT). The instantaneous stage 50P/51P always operates with the DT characteristic. The function can be enabled and disabled with the relay setting. The operation of 51P can be described by using a module diagram.   
  Figure 1.2 – Functional module diagram  Three-phase non-directional overcurrent protection is used for single-phase, two-phase and three-phase non-directional overcurrent and short-circuit protection. Typically, overcurrent protection is used for clearing two and three-phase short circuits. Therefore, the user can choose how many phases, at minimum, must have currents above the start level for the function to operate. When the number of start-phase settings is set to "1 out of 3", the operation of three-phase non-directional overcurrent protection is enabled with the presence of high current in one-phase [3].  1.3.2 Three-phase directional overcurrent protection (DPHxPDOC) 67P The three-phase directional overcurrent protection function 67P is used as one-phase, two-phase or three-phase directional overcurrent and short-circuit protection. Three-phase directional overcurrent protection starts up when the value of the current  exceeds the set limit and directional criterion is fulfilled. The operate time characteristics for low stage 67P-1 and high stage 67P-2 can be selected to be either definite time (DT) or inverse definite minimum time (IDMT). In the DT mode, the function operates after a predefined operate time and resets when the fault current disappears. The IDMT mode provides current-dependent timer characteristics. The function contains a blocking functionality. It is possible to block function outputs, timers or the function itself, if desired. The operation of function 67 can be described using a module diagram. 
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The three-phase directional overcurrent protection function is used as short-circuit protection in three-phase distribution or sub transmission networks operating at 50 or 60 Hz. In radial networks, phase overcurrent protection relays are often enough for the short circuit protection of lines, transformers and other equipment. The current-time characteristic should be chosen according to the common practice in the network. It is recommended to use the same current-time characteristic for all overcurrent protection relays in the network. This includes the overcurrent protection of transformers and other equipment.  The phase overcurrent protection can also be used in closed ring systems as short circuit protection. Because the setting of a phase overcurrent protection system in closed ring networks can be complicated, a large number of fault current calculations are needed. There are situations with no possibility to have the selectivity with a protection system based on overcurrent protection relays in a closed ring system. In some applications, the possibility of obtaining the selectivity can be improved significantly if three-phase directional overcurrent protection is used. This can also be done in the closed ring networks and radial networks with the generation connected to the remote in the system thus giving fault current infeed in reverse direction.  Directional overcurrent protection relays are also used to have a selective protection scheme, for example in case of parallel distribution lines or power transformers fed by the same single source. In ring connected supply feeders between substations or feeders with two feeding sources, three-phase directional overcurrent protection is also used.  
 Figure 1.3– Functional module diagram  The directional calculation compares the current phasors to the polarizing phasor. A suitable polarization quantity can be selected from the different polarization quantities, which are the positive sequence voltage, negative sequence voltage, self- polarizing (faulted) voltage and cross-polarizing voltages (healthy voltages). The polarizing method is defined by settings. Reliable operation requires both the operating and polarizing quantities to exceed certain minimum amplitude levels. The minimum amplitude 
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level for the operating quantity(current) and the minimum amplitude level for the polarizing quantity are preset in relay.  DPHxPDOC (67P) is provided with a memory function to secure a reliable and correct directional protection relay operation in case of a close short circuit or an earth fault characterized by an extremely low voltage. At sudden loss of the polarization quantity, the angle difference is calculated based on a fictive voltage. The fictive voltage is calculated using the positive phase sequence voltage measured before the fault occurred, if the voltage is not affected by the fault. The memory function enables the function to operate up to a maximum of three seconds after a total loss of voltage [3].  
 Figure 1.4 - Operating zones at minimum magnitude levels  
 Figure 1.5 – Configurable operating sectors 
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1.4 Motor load jam protection (JAMPTOC) 51LR The motor load jam protection function JAMPTOC is used for protecting the motor in stall or mechanical jam situations during the running state. When the motor is started, a separate function is used for the startup protection, and motor load jam protection (51LR) is normally blocked during the startup period. When the motor has passed the starting phase, motor load jam protection monitors the magnitude of phase currents. The function starts when the measured current exceeds the breakdown torque level, that is, above the set limit. The operation characteristic is definite time. The operation of JAMPTOC can be described with a module diagram:  
  Figure 1.6 – Functional module diagram 51LR   The motor protection during stall is primarily needed to protect the motor from excessive temperature rise, as the motor draws large currents during the stall phase. This condition causes a temperature rise in the stator windings. Due to reduced speed, the temperature also rises in the rotor. The rotor temperature rise is more critical when the motor stops. The physical and dielectric insulations of the system deteriorate with age and the deterioration is accelerated by the temperature increase. Insulation life is related to the time interval during which the insulation is maintained at a given temperature.  An induction motor stalls when the load torque value exceeds the breakdown torque value, causing the speed to decrease to zero or to some stable operating point well below the rated speed. This occurs, for example, when the applied shaft load is suddenly increased and is greater than the producing motor torque due to the bearing failures. This condition develops a motor current almost equal to the value of the locked-rotor current. The motor protection is designed to protect the motor in stall or mechanical jam situations during the running state. To provide a good and reliable protection for motors in a stall situation, the temperature effects on the motor have to be kept within the allowed limits [3].  1.5 Voltage protection 1.5.1 Three-phase overvoltage protection (PHPTOV) 59 The three-phase overvoltage protection function the three-phase overvoltage protection (59) is applied on power system elements, such as generators, transformers, motors and power lines, to protect the system from excessive voltages that could damage the insulation and cause insulation breakdown.  The three-phase overvoltage function includes a settable value for the detection of overvoltage either in a single phase, two phases or three phases. It includes both definite time (DT) and inverse definite minimum time (IDMT) characteristics for the delay of the trip.  The operation of protection function can be described using a module diagram: 
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 Figure 1.7 – Functional module diagram 59  Overvoltage in a network occurs either due to the transient surges on the network or due to prolonged power frequency overvoltages. Surge arresters are used to protect the network against the transient overvoltages, but the relay's protection function is used to protect against power frequency overvoltages.  The power frequency overvoltage may occur in the network due to contingencies such as: 
– The defective operation of the automatic voltage regulator when the generator is in isolated operation. 
– Operation under manual control with the voltage regulator out of service. A sudden variation of load, in particular the reactive power component, gives rise to a substantial change in voltage because of the inherent large voltage regulation of a typical alternator. 
– Sudden loss of load due to the tripping of outgoing feeders, leaving the generator isolated or feeding a very small load. This causes a sudden rise in the terminal voltage due to the trapped field flux and overspeed. If a load sensitive to overvoltage remains connected, it leads to equipment damage. It is essential to provide power frequency overvoltage protection, in the form of time delayed element, either IDMT or DT to prevent equipment damage [3].  1.5.2 Three-phase undervoltage protection (PHPTUV) 27 The three-phase undervoltage protection function PHPTUV is used to disconnect from the network devices, for example electric motors, which are damaged when subjected to service under low voltage conditions. PHPTUV includes a settable value for the detection of undervoltage either in a single phase, two phases or three phases.  
 Figure 1.8 – Functional module diagram 27  The three-phase undervoltage protection is applied to power system elements, such as generators, transformers, motors and power lines, to detect low voltage conditions. Low voltage conditions are caused by abnormal operation or a fault in the power system. PHPTUV can be used in combination with overcurrent protections. Other applications are the detection of a no-voltage condition, for example before the energization of a high voltage line, or an automatic breaker trip in case of a blackout. PHPTUV is also used 
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to initiate voltage correction measures, such as insertion of shunt capacitor banks, to compensate for a reactive load and thereby to increase the voltage. The three-phase undervoltage protection can be used to disconnect from the network devices, such as electric motors, which are damaged when subjected to service under low voltage conditions. PHPTUV deals with low voltage conditions at power system frequency.  Low voltage conditions can be caused by: 
− Malfunctioning of a voltage regulator or incorrect settings under manual control (symmetrical voltage decrease) 
− Overload (symmetrical voltage decrease) 
− Short circuits, often as phase-to-earth faults (unsymmetrical voltage increase). The three-phase undervoltage protection prevents sensitive equipment from running under conditions that could cause overheating and thus shorten their lifetime expectancy. In many cases, PHPTUV is a useful function in circuits for local or remote automation processes in the power system [3].  1.5.3 Negative-sequence overvoltage protection (NSPTOV) 47O- The negative-sequence overvoltage protection function NSPTOV is used to detect negative sequence overvoltage conditions. NSPTOV is used for the protection of machines. The function starts when the negative sequence voltage exceeds the set limit. NSPTOV operates with the definite time (DT) characteristics. The operation of NSPTOV can be described using a module diagram:  
 Figure 1.9 – Functional module diagram 47O-  A continuous or temporary voltage unbalance can appear in the network for various reasons. The voltage unbalance mainly occurs due to broken conductors or asymmetrical loads and is characterized by the appearance of a negative-sequence component of the voltage. In rotating machines, the voltage unbalance results in a current unbalance, which heats the rotors of the machines. The rotating machines, therefore, do not tolerate a continuous negative-sequence voltage higher than typically 1-2 percent x Un. The negative-sequence component current I2, drawn by an asynchronous or a synchronous machine, is linearly proportional to the negative-sequence component voltage U2. When U2 is P% of Un, I2 is typically about 5 x P% x In. The negative-sequence overcurrent blocks are used to accomplish a selective protection against the voltage and current unbalance for each machine separately. Alternatively, the protection can be implemented with the function, monitoring the voltage unbalance of the busbar. If the machines have an unbalance protection of their own, the NSPTOV operation can be applied as a backup protection or it can be used as an alarm. The latter can be applied when it is not required to trip loads tolerating voltage unbalance better than the rotating machines [3].  
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1.5.4 Positive-sequence undervoltage protection (PSPTUV) 47U+ The positive-sequence undervoltage protection function is used to detect positive-sequence undervoltage conditions. It is used for the protection of small power generation plants. The function helps in isolating an embedded plant from a fault line when the fault current fed by the plant is too low to start an overcurrent function but high enough to maintain the arc. Fast isolation of all the fault current sources is necessary for a successful auto reclosure from the network-end circuit breaker. The operation of PSPTUV can be described using a module diagram:  
 Figure 1.10 – Functional module diagram 47U+. U1 is used for representing positive phase sequence voltage.  The positive-sequence undervoltage protection can be applied for protecting a power station used for embedded generation when network faults like short circuits or phase-to-earth faults in a transmission or a distribution line cause a potentially dangerous situations for the power station. A network fault can be dangerous for the power station for various reasons. The operation of the protection can cause an islanding condition, also called a loss-of-mains condition, in which a part of the network, that is, an island fed by the power station, is isolated from the rest of the network. There is then a risk of an auto reclosure taking place when the voltages of different parts of the network do not synchronize, which is a straining incident for the power station. Another risk is that the generator can lose synchronism during the network fault. A sufficiently fast trip of the utility circuit breaker of the power station can avoid these risks. The lower the three-phase symmetrical voltage of the network is, the higher is the probability that the generator loses the synchronism. The positive-sequence voltage is also available during asymmetrical faults. It is a more appropriate criterion for detecting the risk of loss of synchronism than, for example, the lowest phase-to-phase voltage. Analyzing the loss of synchronism of a generator is rather complicated and requires a model of the generator with its prime mover and controllers. The generator can be able to operate synchronously even if the voltage drops by a few tens of percent for some hundreds of milliseconds. The setting of PSPTUV is thus determined by the need to protect the power station from the risks of the islanding conditions since that requires a higher setting value. The loss of synchronism of a generator means that the generator is unable to operate as a generator with the network frequency but enters into an unstable condition in which it operates by turns as a generator and a motor. Such a condition stresses the generator thermally and mechanically [3].  1.6 Earth-fault protection 1.6.1 Non-directional earth-fault protection (EFxPTOC) 51N The non-directional earth-fault protection function (51N) is used as non-directional earth-fault protection for feeders. The function starts and operates when the residual current exceeds the set limit. The operate time characteristic for low stage (51N-1) and high stage (51N-2) can be  selected to be either definite time (DT) 
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or inverse definite minimum time (IDMT). The instantaneous stage 50N/51N always operates with the DT characteristic. In the DT mode, the function operates after a predefined operate time and resets when the fault current disappears. The IDMT mode provides current-dependent timer characteristics. The function contains a blocking functionality. It is possible to block function outputs, timers or the function itself, if desired. The operation of 51N can be described by using a module diagram. All the modules in the diagram are explained in the next sections. 
 Figure 1.11 – Functional module diagram 51N  Non-directional earth-fault protection is designed for protection and clearance of earth faults in distribution and sub-transmission networks where the neutral point is isolated or earthed via a resonance coil or through low resistance. It also applies to solidly earthed networks and earth-fault protection of different equipment connected to the power systems, such as shunt capacitor bank or shunt reactors and for backup earth-fault protection of power transformers. Many applications require several steps using different current start levels and time delays.  This type of protection consists of three different protection stages: 
– Low EFLPTOC 51N-1 
– High EFHPTOC 51N-2 
– Instantaneous EFIPTOC 50N/51N Non-directional earth-fault protection contains several types of time-delay characteristics. 51N-2 and 50N/51N are used for fast clearance of serious earth faults [3].  1.6.2 Directional earth-fault protection (DEFxPDEF) 67N The directional earth-fault protection function 67N is used as directional earth-fault protection for feeders. The function starts and operates when the operating quantity (current) and polarizing quantity (voltage) exceed the set limits and the angle between them is inside the set operating sector. The operate time characteristic for low stage (61N-1) and high stage (61N-2) can be selected to be either definite time (DT) or inverse definite minimum time (IDMT). In the DT mode, the function operates after a predefined operate time and resets when the fault current disappears. The IDMT mode provides current-dependent timer characteristics. The operation of directional earth-fault protection can be described using a module diagram. All the modules in the diagram are explained in the next sections.  
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 Figure 1.12 – Functional module diagram 61N  In many cases it is difficult to achieve selective earth-fault protection based on the magnitude of residual current only. To obtain a selective earth-fault protection scheme, it is necessary to take the phase angle of Io into account. This is done by comparing the phase angle of the operating and polarizing quantity. In compensated networks, the capacitive fault current and the inductive resonance coil current compensate each other. The protection cannot be based on the reactive current measurement, since the current of the compensation coil would disturb the operation of the protection relays. In this case, the selectivity is based on the measurement of the active current component. The magnitude of this component is often small and must be increased by means of a parallel resistor in the compensation equipment. When measuring the resistive part of the residual current, the relay characteristic angle (RCA) should be set to 0 degrees. Simplified equivalent circuit for a compensated network with an earth fault in phase C below.  
 Figure 1.13 - Earth-fault situation in a compensated network  The Petersen coil or the earthing resistor may be temporarily out of operation. To keep the protection scheme selective, it is necessary to update the characteristic angle by the setting of a relay. This can be done with an auxiliary input in the protection relay which receives a signal from an auxiliary switch of the disconnector of the Petersen coil in compensated networks. 
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 Figure 1.14 – Definition of the relay characteristic angle in a compensated network  In isolated networks, there is no intentional connection between the system neutral point and earth. The only connection is through the phase-to-earth capacitances (C0) of phases and leakage resistances (R0). This means that the residual current is mainly capacitive and has a phase shift of -90 degrees compared to the polarizing voltage. Consequently, the relay characteristic angle (RCA) should be set to -90 degrees [3].  
  Figure 1.15 - Earth-fault situation in an isolated network 
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 Figure 1.16 – Definition of the relay characteristic angle in isolated network  1.7 Differential protection 1.7.1 Line differential protection with in-zone power transformer (LNPLDF) 87L The line differential protection with in-zone power transformer function LNPLDF is used as feeder differential protection for the distribution network lines and cables. LNPLDF includes low, stabilized and high, non-stabilized stages. The line differential protection can also be used when there is an in-zone transformer in the protected feeder section. The stabilized low stage provides a fast clearance of faults while remaining stable with high currents passing through the protected zone increasing errors on current measuring. Second harmonic restraint ensures that the low stage does not operate due to energizing of a tapped or in-zone transformer. The high stage provides a very fast clearance of severe faults with a high differential current regardless of their harmonics. The operating time characteristic for the low stage can be selected to be either definite time (DT) or inverse definite time (IDMT). The direct inter-trip ensures both ends are always operated, even without local criteria. The operating principle is to calculate on both ends differential current from currents entering and leaving the protection zone by utilizing the digital communication channels for data exchange. The differential currents are almost zero on normal operation. The differential protection is phase segregated and the differential currents are calculated separately on both ends.  
 Figure 1.17 - Basic protection principle 
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The differential current I∆ (𝐼𝑑) of the protection relay is obtained on both ends with the formula: 





 Depending on the location of the star points of the current transformers, the polarity of the local end remote currents may be different causing malfunction of the calculation algorithms. The CT transformation ratio may be different and this needs to be compensated to provide a correct differential current calculation result on both ends. LNPLDF provides absolute selectivity and fast operating times as unit protection also in short lines where distance protection cannot be applied. LNPLDF provides selective protection for radial, looped and meshed network topologies and can be used in isolated neutral networks, resistance earthed networks, compensated (impedance earthed) networks and solidly earthed networks. In a typical  network configuration where the line differential protection scheme is applied, the protected zone, that is, the line or cable, is fed from two directions [3].  1.7.2 Instantaneous differential protection for two-winding transformers TR2PTDF (87T) The stabilized and instantaneous differential protection function TR2PTDF (87 T) is designed to protect two-winding transformers and generator-transformer blocks. TR2PTDF includes low biased and high instantaneous stages. The biased low stage provides a fast clearance of faults while remaining stable with high currents passing through the protected zone increasing errors on current measuring. The second harmonic restraint, together with the waveform-based algorithms, ensures that the low stage does not operate due to the transformer inrush currents. The fifth harmonic restraint ensures that the low stage does not operate on apparent differential current caused by a harmless transformer over-excitation. The instantaneous high stage provides a very fast clearance of severe faults with a high differential current regardless of their harmonics. TR2PTDF operates phase-wise on a difference of incoming and outgoing currents. The positive direction of the currents is towards the protected object.  
 Figure 1.18 – Positive direction of the currents (𝐼𝑑 = |𝐼?̅?1 + 𝐼?̅?2|)  In a normal situation, no fault occurs in the area protected by TR2PTDF. Then the currents 𝐼?̅?1 and 
𝐼?̅?2 are equal and the differential current Id is zero. In practice, however, the differential current deviates from zero in normal situations. In the power transformer protection, the differential current is caused by CT inaccuracies, variations in tap changer position (if not compensated), transformer no-load current and 
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 If the biasing current is small compared to the differential current or if the phase angle between the winding 1 and winding 2 phase currents is close to zero (in a normal situation, the phase difference is 180 degrees), a fault has most certainly occurred in the area protected by the differential protection relay [3].  The operation of TR2PTDF can be described by using a module diagram:  
  Figure 1.19 – Functional module diagram 87T  
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1.8 Unbalanced protection 1.8.1 Negative-sequence overcurrent protection NSPTOC (46) The negative-sequence overcurrent protection function NSPTOC is used for increasing sensitivity to detect single-phase and phase-to-phase faults or unbalanced loads due to, for example, broken conductors or unsymmetrical feeder voltages.  The function is based on the measurement of the negative sequence current. In a fault situation, the function starts when the negative sequence current exceeds the set limit. The operate time characteristics can be selected to be either definite time (DT) or inverse definite minimum time (IDMT). In the DT mode, the function operates after a predefined operate time and resets when the fault current disappears. The IDMT mode provides current-dependent timer characteristics. The operation of NSPTOC can be described using a module diagram:  
 Figure 1.20 - Functional module diagram 46  Since the negative sequence current quantities are not present during normal, balanced load conditions, the negative sequence overcurrent protection elements can be set for faster and more sensitive operation than the normal phase-overcurrent protection for fault conditions occurring between two phases. The negative sequence overcurrent protection also provides a back-up protection functionality for the feeder earth-fault protection in solid and low resistance earthed networks. The negative sequence overcurrent protection provides the back-up earth-fault protection on the high voltage side of a delta-wye connected power transformer for earth faults taking place on the wye-connected low voltage side. If an earth fault occurs on the wye-connected side of the power transformer, negative sequence current quantities appear on the delta-connected side of the power transformer.  The most common application for the negative sequence overcurrent protection is probably rotating machines, where negative sequence current quantities indicate unbalanced loading conditions (unsymmetrical voltages). Unbalanced loading normally causes extensive heating of the machine and can result in severe damages even over a relatively short time period [3].  1.8.2 Phase discontinuity protection PDNSPTOC (48PD) The phase discontinuity protection function PDNSPTOC is used for detecting unbalance situations caused by broken conductors. The function starts and operates when the unbalance current I2/I1 exceeds the set limit. To prevent faulty operation at least one phase current needs to be above the minimum level. 46 operates with DT characteristic. The operation of PDNSPTOC can be described by using a module diagram:  
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 Figure 1.22 - Broken conductor fault situation in phase A in a distribution or sub transmission feeder  
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 Figure 1.23 - Three-phase current quantities during the broken conductor fault in phase A with the ratio of negative-sequence and positive-sequence currents  1.8.3 Phase reversal protection (PREVPTOC) 46R The phase reversal protection function PREVPTOC is used to detect the reversed connection of the phases to a three-phase motor by monitoring the negative phase sequence current I2 of the motor. PREVPTOC starts and operates when I2 exceeds the set limit. PREVPTOC operates on definite time (DT) characteristics. PREVPTOC is based on the calculated I2, and the function detects too high I2 values during the motor start-up. The excessive I2 values are caused by incorrectly connected phases, which in turn makes the motor rotate in the opposite direction. The operation of PREVPTOC can be described with a module diagram.:  
 Figure 1.24 - Functional module diagram 46R  The rotation of a motor in the reverse direction is not a desirable operating condition. When the motor drives fans and pumps, for example, and the rotation direction is reversed due to a wrong phase sequence, the driven process can be disturbed and the flow of the cooling air of the motor can become reversed too. With a motor designed only for a particular rotation direction, the reversed rotation direction can lead to an inefficient cooling of the motor due to the fan design. In a motor, the value of the negative-sequence component of the phase currents is very negligible when compared to the positive-sequence component of the current during a healthy operating condition of the motor. But when the motor is started with the phase connections in the reverse order, the magnitude of 
𝐼2 is very high. So, whenever the value of 𝐼2  exceeds the start value, the function detects the reverse rotation direction and provides an operating signal that disconnects the motor from the supply [3]. 
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1.9 Arc protection (ARCSARC) 50L/50NL The arc protection function detects arc situations in air insulated metal-clad switchgears caused by, for example, human errors during maintenance or insulation breakdown during operation. The function detects light from an arc either locally or via a remote light signal. The function also monitors phase and residual currents to be able to make accurate decisions on ongoing arcing situations.  
 Figure 1.25 – Functional module diagram 50L\50NL 
The arc protection can be realized as a stand-alone function in a single relay or as a station-wide arc protection, including several protection relays. If realized as a station-wide arc protection, different tripping schemes can be selected for the operation of the circuit breakers of the incoming and outgoing feeders. Consequently, the relays in the station can, for example, be set to trip the circuit breaker of either the incoming or the outgoing feeder, depending on the fault location in the switchgear. For maximum safety, the relays can be set to always trip both the circuit breaker of the incoming feeder and that of the outgoing feeder [3].  1.9.1 Arc protection with one protection relay In installations, with limited possibilities to realize signaling between protection relays protecting incoming and outgoing feeders, or if only the protection relay for the incoming feeder is to be exchanged, an arc protection with a lower protective level can be achieved with one protection relay. An arc protection with one protection relay only is realized by installing two arc lens sensors connected to the protection relay protecting the incoming feeder to detect an arc on the busbar. In arc detection, the arc protection stage trips the circuit breaker of the incoming feeder. The maximum recommended installation distance between the two lens sensors in the busbar area is six meters and the maximum distance from a lens sensor to the end of the busbar is three meters [3]. 
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 Figure 1.26 – Arc protection with one protection relay  1.9.2 Arc protection with several protection relays When using several protection relays, the protection relay protecting the outgoing feeder trips the circuit breaker of the outgoing feeder when detecting an arc at the cable terminations. If the protection relay protecting the outgoing feeder detects an arc on the busbar or in the breaker compartment via one of the other lens sensors, it will generate a signal to the protection relay protecting the incoming feeder. When detecting the signal, the protection relay protecting the incoming feeder trips the circuit breaker of the incoming feeder and generates an external trip signal to all protection relays protecting the outgoing feeders, which in turn results in tripping of all circuit breakers of the outgoing feeders. For maximum safety, the protection relays can be configured to trip all the circuit breakers regardless of where the arc is detected [3].  
  Figure 1.27 – Arc protection with several protection relays 
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1.10 Motor start-up supervision (STTPMSU) 49, 66, 48, 51LR The motor start-up supervision function STTPMSU is designed for protection against excessive 
starting time and locked rotor conditions of the motor during starting. For the good and reliable operation 
of the motor, the thermal stress during the motor starting is maintained within the allowed limits. The starting 
of the motor is supervised by monitoring the TRMS magnitude of all the phase currents or by monitoring 
the status of the circuit breaker connected to the motor. During the start-up period of the motor, STTPMSU 
calculates the integral of the I²t value. If the calculated value exceeds the set value, the operate signal is 
activated.  
The motor start-up supervision function has the provision to check the locked rotor condition of the 
motor using the speed switch, which means checking if the rotor is able to rotate or not. This feature operates 
after a predefined operating time. This function also protects the motor from an excessive number of start-
ups. Upon exceeding the specified number of start-ups within certain duration, STTPMSU blocks further 
starts. The restart of the motor is also inhibited after each start and continues to be inhibited for a set duration. 
When the lock of start of motor is enabled, STTPMSU gives the time remaining until the restart of the 
motor. The operation of STTPMSU can be described with a module diagram: 
 Figure 1.28 – Functional module diagram of the motor start-up supervision function 
When a motor is started, it draws a current well in excess of the motor's full-load rating throughout 
the period it takes for the motor to run up to the rated speed. The motor starting current decreases as the 
motor speed increases and the value of current remains close to the rotor-locked value for most of the 
acceleration period. 
The full-voltage starting produces the highest starting torque. A high starting torque is generally required to start a high-inertia load to limit the acceleration time. In this method, full voltage is applied to the motor when the switch is in the "On" position. This method of starting results in a large initial current surge, which is typically four to eight times that of the full-load current drawn by the motor. If a star-delta starter is used, the value of the line current will only be about one-third of the direct-on-line starting current.  
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 Figure 1.29 - Typical motor starting and capability curves  The start-up supervision of a motor is an important function because of the higher thermal stress developed during starting. During the start-up, the current surge imposes a thermal strain on the rotor. This is exaggerated as the air flow for cooling is less because the fans do not rotate in their full speed. Moreover, the difference of speed between the rotating magnetic field and the rotor during the start-up time induces a high magnitude of slip current in the rotor at frequencies higher than when the motor is at full speed. The skin effect is stronger at higher frequencies and all these factors increase the losses and the generated heat. This is worse when the rotor is locked [3].  1.11 Selectivity Principles 
1.11.1 Selectivity general information Selectivity can be achieved by overcurrent and earth fault protective devices trip delay. It works in case of a fault condition which can occure at any point in the network. Such fault must be cleared by the upstream protective device, while other protective devices remain unaffected.  From the practical point of view, selectivity can be achieved when the minimum value of an initial short-circuit current at a point of installation is above tripping values of the circuit breakers, supplying given installation. Selectivity shall be checked for all circuits supplied and for all types of operations: 
− Overload 
− Short-circuit 




− Logic  
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1.11.2 Current based selectivity This method is realized by setting successive tripping thresholds at stepped levels, from downstream circuits (lower settings) towards the source (higher settings). Selectivity is total or partial, depending on particular conditions, as noted above [4].  1.11.3 Time based selectivity This method is implemented by adjusting the time-delayed tripping units, such that downstream relays have the shortest operating times, with progressively longer delays towards the source. In the two-level arrangement shown, upstream circuit breaker A is delayed sufficiently to ensure total selectivity with B (for example: Master pact with electronic trip unit). Selectivity category B circuit breakers are designed for time-based selectivity, the selectivity limit will be the upstream short time withstand value [4].  1.11.4 Selectivity based on a combination of the two previous methods A time-delay can improve the overall selectivity performance. The upstream CB has two magnetic tripping thresholds -  𝐼𝑚 A (delayed magnetic trip or short-delay electronic trip) and 𝐼𝑖 (instantaneous trip):  
  Figure 1.30 – Current (left) and time-based (right) selectivity  
 Figure 1.31– Combination of current and time-based selectivity 
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 1.11.5 Selectivity based on arc-energy levels When a very high level short-circuit current is detected by the two circuit breakers A and B, their contacts open simultaneously. As a result, the current is highly limited. 
− The very high arc-energy at level B induces the tripping of circuit breaker B 
− Then, the arc-energy is limited at level A and is not sufficient to induce the tripping of A 
 Figure 1.32 – Energy based selectivity   
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2 Short circuit calculation theory 
2.1 Purpose of Calculations and Calculation Procedure Speaking about purposes of estimation short-circuit currents it is necessary to admit that receiving 
realistic calculated values are significantly important.  
High values of current could threat not only an electrical equipment but could also directly influence 
on the operational personal’s safety. By this fact electromagnetic forces, inductive and thermal effects of 
short-circuit currents should be considered as well. It is obvious that with increasing of short-circuit current 
values more worse influences effect on a power grid so, dimensions of electrical equipment should be chosen 
in order to withstand electromagnetic forces [5].  
In general, short - circuit calculations are used for several purposes: 
– Dimensioning of electrical equipment; 
– Configuration of protection relay settings. 
– Speaking about procedure when calculating short-circuit conditions: 
– assuming of equivalent system diagram (equivalent diagram of sequential elements for symmetrical 
short circuits, equivalent diagrams of all elements for non-symmetrical short circuits) 
– determination of ohmic values of (proportionate) impedance of all elements of equivalent diagrams 
– determination of resultant resistance and reactance of equivalent diagrams of shorting circuit 
calculation of short-circuit conditions 
– calculation of short-circuit currents in the place of a fault 
 
2.2 Short-circuit Currents Characteristics   Different types of faults include different magnitudes which directly effects on such characteristics as: 
– id – dynamic current defines the maximum allowable peak current which equipment could withstand and not be damaged by excessive electromagnetic forces 
– it – short-term current defines the maximum allowable short-term current which equipment could withstand for a certain amount of time (usually 1s or 2s) without being damaged by excessive heat 
– ibr – breaking current defines maximum value of the short-circuit current which switches off the switch safely [5]. 
 Figure 2.1 - Short-circuit current of a far-from-generator short circuit with constant AC component 
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 Figure 2.2 - Short-circuit current of a near-to-generator short circuit with decaying AC component 
 
ip – peak short-circuit current  iDC – DC component of short circuit-current at breaking times A –  initial value of the DC component iDC  Ik”– initial symmetrical short-circuit current Ik – steady-state short-circuit current In most cases not every of parameters should always be considered in real network calculations. As 
an example – the highest value 𝑖𝑝 depends on the time constant of the decaying aperiodic component and the frequency 𝑓 which depends on a ratio R/X or X/R of the short-circuit impedance Zk . The greater 
the fault point X/R ratio, the longer will be the asymmetrical fault current decay time. For a specific 
X/R ratio, the angle of the applied voltage at the time of short- circuit initiation determines the degree 
of fault current asymmetry that will exist for that X/R ratio. In a purely inductive circuit, the maximum 
dc current component is produced when the short circuit is initiated at the instant the applied voltage 
is zero (α = 0° or 180° when using sine functions). The current will then be fully offset in either the 
positive or negative direction. Maximum asymmetry for any circuit X/R ratio often occurs when the 
short-circuit is initiated near voltage zero. The initial dc fault current component is independent of 
whether the ac component remains constant or decays from its initial value. 
Also, in meshed networks if there are several direct-current time constants it is complicated 
to use a simple method of calculating  peak short-circuit current and DC component of short circuit-
current. That is why calculation assumptions (described on page 41) are considered [6].  
 
2.3 Types of Faults  However, the main principle of designing an electrical equipment depends on a type of a fault 
appeared. By types of faults which could occur phase-to-ground, phase-to-phase and three-phase short 
circuit fault considered. Phase-to-ground fault set as most frequent and three-phase short-circuit current as 
a fault with maximum available value [5].  
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 Figure 2.3 – Different types of short-circuits and their currents according IEC 60909-0 2016 standard (the 
direction of current is chosen arbitrarily) 
Describing types of a faults it is better to operate with equations [5]: 
Absolute value method: 
𝐼𝑘1
″ for phase-to-ground short circuit 
𝐼𝑘1(𝐵)
″ =
𝑐 ⋅ √3 ⋅ 𝑈𝑛
|𝑍(1) + 𝑍(2) + 𝑍(0)|
, [kA, − , kV, ] 
𝐼𝑘2





, [kA, − , kV, ] 
𝐼𝑘3





, [kA, − , kV, ] 
 
Relative value method: 





, [kA, − , kA, −] 
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Initial symmetrical short-circuit current 𝐼𝑘2″ for phase-to-phase short circuit 
𝐼𝑘2
″ =
𝑐 ⋅ √3 ⋅ 𝐼𝑉
|𝑧(1) + 𝑧(2)|
, [kA, − , kA, − , − ] 
 
Initial symmetrical short-circuit current 𝐼𝑘1″ for phase-to-ground short circuit 
𝐼𝑘1(𝐵)
″ =
𝑐 ⋅ 3 ⋅ 𝐼𝑉
|𝑧(1) + 𝑧(2) + 𝑧(0)|
, [kA, − , kA, − , − , − ] 
 
Un - Nominal system phase-to-phase voltage  c  -   voltage factor  
Z(1) - Network upstream positive sequence impedance Z(2) – Network upstream negative sequence impedance Z(0) - Network upstream zero sequence impedance  
 Table 2.1 - Voltage factors c according to IEC 60909 standard 
 
For single-fed and multiple single-fed three-phase short circuits, the contribution of each source to 
the peak short-circuit current 𝑖𝑝can be calculated separately and must be added to the resultant peak short-circuit current. For branches with synchronous generators/motors and asynchronous motors/generators the 
peak short-circuit current can be calculated by: 
 
𝑖𝑝 = √2 ⋅ 𝑘 ⋅ 𝐼𝑘
″, [kA, − , kA] 
𝐼𝑘
″ - initial symmetrical short-circuit current 
k - factor for calculation of the peak short-circuit current or it should be obtained from figure below: 
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𝑘  =  1,02  +  0,98  ⋅   𝑒
− 3 ⋅ 𝑅
𝑋
 Figure 2.4 – Factor 𝑘 for series circuit as a function of ratio R/X or X/R according  
to IEC 60909-0 standard 
 
In case of branches with synchronous generators and power station units, the following values for 
the fictitious resistances 𝑅𝐺𝑓 are to be used for the calculation of the peak short-circuit current with sufficient accuracy [6].  
𝑅𝐺𝑓 = 0.05 ∙ 𝑋"𝑑 for generators with 𝑈𝑟𝐺  > 1 kV and 𝑆𝑟𝐺 ≥ 100 MVA 
𝑅𝐺𝑓 = 0.07 ∙ 𝑋"𝑑 for generators with 𝑈𝑟𝐺  > 1 kV and 𝑆𝑟𝐺 < 100 MVA 
𝑅𝐺𝑓 = 0.15 ∙ 𝑋"𝑑 for generators with 𝑈𝑟𝐺≤ 1000 V  In addition to the decay of the DC component, the factors 0,05, 0,07, and 0,15 also take into  
account the decay of the AC component of the short-circuit current during the first half-cycle  
after the short circuit took place. The influence of various winding-temperatures on 𝑅𝐺𝑓 is not  considered. 
 
Thermal equivalent short-circuit current  𝐼𝑡ℎ 
 The Joule integral ∫ 𝑖2𝑑𝑡 is a measure of the energy generated in the resistive element of the system 
by the short-circuit current. It is calculated using a factor “m” for the time-dependent heat effect of the DC 
component of the short-circuit current and a factor “n” for the time-dependent heat effect of the AC 
component of the short-circuit current for one individual short circuit [6]. 
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 Figure 2.5 – Factor 𝑘 t as a function of m and  𝑓 ⋅   𝑇𝑘 according  to IEC 60909-0 standard 
 
𝑇𝑘 is the sum of the durations for each short-circuit current. The Joule integral and the thermal equivalent short-circuit current should always be given with the short-circuit duration with which they are 
associated [6]. 
The thermal equivalent of a short-circuit current is: 
 
𝐼𝑡ℎ = 𝐼𝑘
″   ⋅   √𝑚  +  𝑛, [kA, − , kA]  
𝐼𝑘
″ - initial symmetrical short-circuit current 
m - factor for the heat effect of the DC component for each short-circuit current 
n - factor for the heat effect of the AC component for each short-circuit current 
 
2.4 Calculation Assumptions As it was discussed before, several simplifications for calculation of maximum and minimum short-
circuit currents should be assumed: 
– For the duration of the short circuit there is no change in the type of short circuit involved, that 
is, a three-phase short-circuit remains three-phase and a line-to-earth short circuit remains line-
to-earth during the time of short circuit. 
– For the duration of the short circuit, there is no change in the network involved. The impedance 
of the transformers is referred to the tap-changer in main position. Arc resistances are not 
considered. Line capacitances shall be neglected in the positive- and negative-sequence system. 
Magnetizing admittances of transformers shall be neglected in the positive- and negative- 
sequence system [6]. 
Almost, speaking about balanced and unbalanced short-circuits it is possible to calculate short-
circuits as an application of positive I(1), negative I(2) and zero sequences I(0). Method used for calculations is equivalent voltage source at the short-circuit location. Basic principle of such method is that the equivalent 
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voltage source is the only active voltage supply of a system. Meanwhile, such electrical devices as feeders, 
synchronous and asynchronous machines, transformers and cable lines are replaced with internal 
impedances [5]. 
 
2.5 Short-circuit electrical devices impedances Determination of sequence impedances of system could be estimated by absolute impedance method 
or relative impedance method. Absolute impedance method include estimation by using voltage factor – c. 















Un - rated phase-to-phase voltage in kV of equivalent network c - voltage factor  
𝐼𝑘
″- initial symmetrical short-circuit current in kA  







, [, %, kV, MVA] 
 










2 , [, MW, kV, MVA] 
𝑋(1) = √𝑍(1)
2 − 𝑅(1)
2 , [, , ] 
 
uk - percentage impedance of a transformer UnT - rated transformer voltage SnT - rated transformer power PknT - rated winding losses  
Current limiting reactor: 
𝑍(1) =
10 ⋅ 𝑢𝑅 ⋅ 𝑈𝑛
√3 ⋅ 𝐼𝑛
, [, %, kV, A] 
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uR - short circuit voltage of a reactor Un - nominal phase-to-phase voltage of reactor In - rated continuous current of reactor  
Power line: 
𝑋(1) = 𝑋𝑘 ∙ 𝑙, [, /km, km ] 










, [, − , kV, MVA ] 
iinrush - relative inrush current of motor 




Un – rated phase-to-phase voltage of motor in kV Sn – rated apparent power of motor in MVA 





, [, , kV, kV] 
Z2 - converted impedance for a voltage level U2 at the place fault Z1 - impedance in a case of nominal voltage U1  
Describing calculations relative impedance method, it is necessary to  choose several input data -
the base power Sb [MVA] and the base voltage Ub [kV]. Usually base voltage is chosen according to the 
voltage level of a place where short-circuit fault takes place.  
 




, [kA, MVA, kV] 








, [ − ] 
Where: 
c - voltage factor 
𝐼𝑘
″- initial symmetrical short-circuit current in kA from upstream network 







, [ −, %, MVA, MVA] 
 









2 , [ −, MW, MVA, MVA] 
𝑥(1) = √𝑧(1)
2 − 𝑟(1)
2 , [ −, −, −] 
uk - percentage impedance of a transformer SV – base power SnT - rated transformer power PknT - rated winding losses  




, [ −, %, MVA, MVA] 
𝑆𝑅 = √3 ⋅ 𝑈𝑆𝑅 ⋅ 𝐼𝑅 , [ MVA, kV, kA]  
Uk - short circuit voltage of a reactor IR - rated current of reactor USR - rated phase-to-phase voltage of reactor SR - nominal power of reactor 
𝑆𝑏– base power  
Power line: 
𝑥(1) = 𝑋𝑘 ⋅ 𝑙 ⋅
𝑆𝑏
𝑈𝑆
2 , [ −, /km, km, MVA, kV ] 
𝑟(1) = 𝑅𝑘 ⋅ 𝑙 ⋅
𝑆𝑏
𝑈𝑆
2 , [ −, /km, km, MVA, kV ] 
 
Xk - reactance of of power line per unit of length Rk - resistance of power line per unit of length l - length of power line 
Sb – base power 
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, [, − , kV, MVA ] 
𝑖𝑖𝑛𝑟𝑢𝑠ℎ- relative inrush current of motor 




Sb – base power Sn – rated apparent power of an asynchronous motor [5].   
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3 Short circuit calculation of real industrial network 
3.1 Calculation Method  
Calculations of power system studies were done by means of the digital planning software DigSILENT Power Factory - version 2019. The name DigSILENT stands for "Digital Simulation and Electrical Network Calculation Program'' and below IEC methods used for short-circuit calculations described.  
3.1.1 The Complete Method Hence DigSILENT program provides several methods of short-circuit calculation, it is necessary to give a brief description of methods which could be used. The complete method (sometimes also known as the superposition method) is, in terms of system modelling, an accurate calculation method. The fault currents of the short-circuit are determined by overlaying a healthy load-flow condition before short-circuit inception with a condition where all voltage supplies are set to zero and the negative operating voltage is connected at the fault location. The procedure is shown on Figure 3.1. The initial point is the operating condition of the system before short-circuit inception. This condition represents the excitation conditions of 
the generators, the tap positions of regulated transformers and the breaker/switching status reflecting the operational variation [7]. 
 
Figure 3.1 - Illustration of the Complete Method 
From these pre-fault conditions the pre-fault voltage of the faulted busbar can be calculated. For the pure fault condition, the system condition is calculated for the situation where, the negative pre-fault busbar voltage for the faulted bus is connected at the fault location and all other sources/generators are set to zero. 
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Since network impedances are assumed to be linear, the system condition after fault inception can be determined by overlaying (complex adding) both the pre-fault and pure fault conditions [7]. 
 
3.1.2 The IEC 61363 Standard The IEC 61363 standard describes procedures for calculating short-circuit currents in three-phase 
AC radial electrical installations on ships and on mobile and fixed offshore units.  
The IEC 61363 standard defines only calculation methods for three phase (to earth) short circuits. 
Typically, marine/offshore electrical systems are operated with the neutral point isolated from the hull  or 
connected to it through an impedance. In such systems, the highest value of short-circuit current would 
correspond to a three-phase short circuit. If the neutral point is directly connected to the hull, then the line-
to-line, or line-to ship’s hull short-circuit may produce a higher current. Two basic system calculation 
approaches can be taken, “time dependent” and “non-time dependent”. According to the IEC 61363 
standard, PowerFactory calculates an equivalent machine that feeds directly into the short circuit location. 
This machine summarises all “active” and “non-active” components of the grid [7]. 
The short-circuit procedure in IEC 61363 calculate the upper envelope (amplitude) of the maximum 
value of the time dependent short-circuit (see Figure 3.2). The envelope is calculated using exact machine 
characteristics parameters obtainable from equipment manufacturers using recognised testing methods, and 
applying the following assumptions: 
– All system capacitances are neglected. 
– At the start of the short-circuit, the instantaneous value of voltage in one phase at the fault point is 
zero. 
– During the short-circuit, there is no change in the short-circuit current path. 
– The short-circuit arc impedance is neglected. 
– Transformers are set at the main tap position. 
– The short-circuit occurs simultaneously in all phases. 
– For generator connected in parallel, all generators share their active and reactive load proportionally 
at the start of or during the short-circuit.  
– During each discrete time interval, all circuits components react linearly 
.  
Figure 3.2 - Short-Circuit Current Time Function 
48  
 
Figure 3.3 - Areas of Application of Short-Circuit Calculations 
Where  
– 𝐼𝑘𝑠𝑠 initial symmetrical short-circuit current (RMS), 
– 𝑖𝑝 peak short-circuit current (instantaneous value), 
– 𝐼𝑏 symmetrical short-circuit breaking current (RMS), 
– 𝐼𝑡ℎ thermal equivalent short-circuit current (RMS), 
– 𝜅 factor for the calculation of the peak short-circuit current, 
– 𝜇 factor for the calculation of the symmetrical short-circuit breaking current, 
– 𝑚 factor for the heat effect of the DC component, 
– 𝑛 factor for the heat effect of the AC component, besides the above currents, the Complete Method 
introduces the following current definition: 
– 𝑖𝑏 peak short-circuit breaking current (instantaneous value). 
 
According to this method, the following short-circuit values are calculated: 
– 𝐼” 𝑘 initial symmetrical short-circuit current; 
– upper envelope of short-circuit current 𝐼𝑘(𝑡); 
– 𝑖𝑑𝑐(𝑡) decaying (aperiodic) component of short-circuit current; 
– 𝑖𝑝 peak short-circuit current; 
– 𝐼𝑘 steady-state short-circuit current. 
The calculating formula and methods described produce sufficiently accurate results to calculate the 
short-circuit current during the first 100 ms of a fault condition. It is assumed in the standard that during 
that short time the control of the generators has no significant influence on the short circuit values. The 
method can be used also to calculate the short-circuit current for periods longer than 100 ms when 
calculating on a bus system to which the generators are directly connected. For time periods beyond 100 ms 
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the controlling effects of the system voltage regulators may be predominant. Calculations including the 
voltage regulator effects are not considered in this standard [7]. 
 
3.1.3 The IEC 60909/VDE 0102 Method The IEC 60909/VDE 0102 method uses an equivalent voltage source at the faulted bus and is a 
simplification of the superposition method (Complete Method). The goal of this method is to accomplish a 
close-to-reality short-circuit calculation without the need for the preceding load-flow calculation and the 
associated definition of actual operating conditions. Figure 3.4 illustrates how the equivalent voltage source 
method can be derived from the superposition method. 
The main simplifications are as follows: 
– Nominal conditions are assumed for the whole network, i.e. 𝑈𝑖 = 𝑈𝑛,𝑖 
– Load currents are neglected, i.e. 𝐼𝑂𝑝 = 0. 
– A simplified simulation network is used, i.e. loads are not considered in the positive and negative sequence network. 
– To ensure that the results are conservatively estimated, a correction factor, c, is applied to the voltage at the faulted busbar. This factor differs for the calculation of the maximum and the minimum short-circuit currents of a network.  
The short-circuit calculation based on these simplifications may be insufficient for some practical 
applications. Therefore, additional impedance correction factors are applied to the physical impedances 
of the network elements. 
 Figure 3.4 – IEC 60909 Method Explanation 
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As illustrated in Figure 3.3, IEC 60909 requires the calculation of the initial symmetrical short 
circuit current in order to derive the rest of the physical quantities, each of which is a function of the 
following: 
– R/X ratio, 
– Machine characteristics 
– Synchronous generator type of excitation system, 
– Contact parting time, 
– Type of network (if it’s radial or meshed), 
– Determination if the contribution is “near to” or “far from” the short-circuit location.  Regarding the type of network, IEC 60909 describes three methods for the calculation of (peak 
short circuit current) in meshed networks which are defined as follows: 
– Method A: Uniform Ratio R/X The 𝜅 factor is determined based on the smallest ratio of R/X of all the branches contributing to the short-circuit current. 
– Method B: Ratio R/X at the Short-Circuit Location For this method the 𝜅 factor is multiplied by 1.5 to cover inaccuracies caused by using the ratio R/X from a network reduction with complex impedances. 
– Method C: Equivalent Frequency An equivalent impedance 𝑍𝑐 of the system as seen from the short-circuit location is calculated assuming a frequency 𝑓𝑐 = 20𝐻𝑧 (for a nominal frequency 
𝑓𝑐 = 50𝐻𝑧) or 𝑓𝑐 = 24𝐻𝑧 (for a nominal frequency 𝑓𝑐 = 60𝐻𝑧). This is the recommended Method in meshed networks.  3.2 Power System Study Scope of Calculations  
1. Load flow calculation – Normal operation 2. Maximum three-phase short-circuit calculation  3. Minimum two-phase short-circuit calculation 4. Minimum earth fault short-circuit calculation 
Calculation of Load Flow are performed to determine the voltage regulation at the HV, MV and LV busbars and to determine the transformers and cables loading. 
Calculation of types of short-circuit 2,3 and 4 are performed to determine the maximum/minimum prospective and initial short-circuit currents, which are taken into consideration in order to specify electrical equipment and allow ratings of major electrical plant. Minimum short circuit calculation will be used further in overcurrent protection devices settings determination. 
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3.3 Real Network Example Calculations 
3.3.1 Load Flow Single Line Diagram and Results The load flow simulation/calculation for normal mode shows acceptable voltage profile within the 6.6 kV and 0.4 kV industrial grid of the substation. Also, by providing such calculations it is possible to check the loading of an electrical equipment (Annex 1) such as transformers and cables used.  
 
Figure 3.5 – Single line diagram with load flow calculation results  
 
The results are provided in two different formats – graphical (single line diagram in DigSILENT) 
and tabular form (Annex 2). Single line diagram provides results according to format for each element as 
shown below.  
– Nodes:   Line-Line voltage [kV], Voltage magnitude [p.u.] 
– Branches:  Active Power [MW], Current [kA], Power Factor cos(φ), 
– Asynchronous motors: Active Power [MW], Current [kA], Power Factor cos(φ), 
– Shunt/Filter:  Reactive Power [MVAR], Current [kA] 
– Line/Cables:  Active Power [MW], Actual Current [kA], Power Factor cos(φ), 
– External Grid:  Active Power [MW], Current [kA], Power Factor cos(φ).  
With the taps of all off-load tap changers of distribution transformers set to neutral position the 
voltages at all buses are within the range of 0.95 – 1.05 p.u. Under the Normal operation mode, the loading 
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of power transformer is 80% of ONAN rated power i.e. 1.3 MVA. Loading of the 6.6 kV cables and are 
within acceptable limits (below 60%). 
 
3.3.2 Three-phase Maximum Short-Circuit SLD Maximum short-circuit current calculation is defined as network supplied by external grid with 
maximum values of short-circuit power 212.28 MVA, current 18.57 kA and minimum values short-circuit 
power 176.96 MVA, current 15.48 kA.  
 Figure 3.6 – Single line diagram and three-phase maximum short-circuit calculation results 
 
Initial conditions: 
– Whole modelled network is fed from 6.6 kV External grid with preset values; 
– Maximum short-circuit fault parameters of external (upstream) network are considered. C factor of 1.1 has been considered; 
– All loads are connected to the grid except the standby loads; 
– Resistivity at 20°C is used for cable/OHL short-circuit impedance definition. 
Results: 
– Nodes: Initial short-circuit power [MVA], Initial short-circuit current [kA], Peak short-circuit current [kA]; 
– Branches: Initial short-circuit power [MVA], Initial short-circuit current [kA], Peak short-circuit current [kA] 
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 Table 3.1 – Three phase maximum short-circuit current calculation results (for all phases) 
3.3.3 Two-phase Minimum Short-Circuit SLD To obtain minimum possible short-circuit current at medium and low voltage switchboard busbars the normal operation mode is considered. 
 
Figure 3.7 – Single line diagram and two-phase minimum short-circuit current calculation results 
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Initial conditions: 
– Whole modelled network is fed from 6.6 kV External grid.  
– Minimum short circuit fault parameters of External (upstream) network are considered. C factor of 1 has been considered. 
– Motor short circuit contribution is not considered. 
– Resistivity at 20°C is used for cable/OHL short circuit impedance definition 
Results: 
– Nodes: Initial short circuit power [MVA], Steady-state short circuit current [kA], Peak short circuit current [kA] – all for phase B 
– Branches:  Initial short circuit power [MVA], Steady-state short circuit current [kA], Peak short circuit current [kA] – all for phase B  
 
Table 3.2 – Two-phase minimum short circuit current calculation results (for all phases) 
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3.3.4 Minimum Earth-fault short circuit SLD 
 
Figure 3.8 – Single line diagram and earth-fault short circuit current calculation results 
Initial conditions: 
– Whole modelled network is fed from 6.6 kV External grid.  
– Minimum short circuit fault parameters of External (upstream) network are considered. C factor of 1 has been considered. 
– Motor short circuit contribution is not considered. 
– Resistivity at 20°C is used for cable/OHL short circuit impedance definition 
Results: 
– Nodes: Initial short circuit power [MVA], Steady-state short circuit current [kA], Peak short circuit current [kA] – all for phase A 
– Branches: Initial short circuit power [MVA], Steady-state short circuit current [kA], Peak short circuit current [kA] – all for phase A 
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Minimum earth-fault short circuit calculation results are presented in tabular form: 
 
Table 3.3 – Single phase to ground short-circuit current calculation results 
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4 Selectivity coordination of real industrial network.  
Selectivity coordination in this chapter will be done in regards with equipment used in a grid, short-
circuit calculation results and theory basic described previously (Chapter 3 and 1). Medium voltage side is 
presented with 161SM01-6.6kV switchgear. MV motor, transformer and incomer are connected to the 6.6 
kV busbar system.  
According to the basic principles of protection settings procedure should always be started from 
downstream to upstream network element. In this chapter only selective protection functions, such as 
overcurrent (50/51) and earth-fault (51N/G) will be taken into consideration. 
 
4.1 Three-phase non-directional overcurrent protection (PHxPTOC); (50/51) 
4.1.1 Motor Block Overcurrent protection of a conveyor motor is set with two stages – 51P-1(𝐼>) and 50/51P(𝐼>>>). Inrush current considered as eight times higher than nominal current, lasts for eight seconds and is presented with a black dashed line. The same protection settings are relevant for the spare motor: 
 
Figure 4.1 – REM 620 overcurrent protection settings with 𝐼>>>(𝑐𝑎𝑙𝑐) and 𝐼𝑘2𝑚𝑖𝑛 values. 
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4.1.2 Transformer Block Overcurrent protection for transformer 1,2 and spare transformer consist of three stages. 51P-1, 51P-2 and 50/51P.  Inrush current current is considered as eight times nominal current and presented with a black dashed line: 
 
Figure 4.2 – REF 615 overcurrent protection settings chart for T-1;T-2 and Spare Transformer relay. 
𝐼>>(𝑐𝑎𝑙𝑐), 𝐼>>>(𝑐𝑎𝑙𝑐) and 𝐼𝑘2𝑚𝑖𝑛 presented on a chart with dashed red lines. Transformer damage curve was automatically calculated in accordance to IEEE C57.109 by DigSILENT software.  
The mechanical part of the IEC damage curve is only available for the element specific damage curve 
and consists of one point only (2 seconds are predefined) [7, chapter 33 p.760]: 




Where 𝐼𝑟𝑎𝑡 is a rated current of a transformer, [A]; 𝑢𝑘 is a short-circuit voltage, [%]. 
To make a mechanical damage curve in DigSILENT ANSI standard will be used. The mechanical part of the ANSI damage curve is only available for transformers of category II (𝑆𝑟𝑎𝑡 ≤ 5.0 𝑀𝑉𝐴) and 
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higher. The three points necessary to draw the mechanical damage curve can be calculated as follows [7, chapter 33 p. 759]: 
𝐼1 = 𝐼𝑟𝑎𝑡 ∙
1
𝑢𝑘
;  𝑡1 = 2.0 𝑠; 















𝐼3 = 𝐼2; 𝑡3 = 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑤𝑖𝑡ℎ 𝑑𝑎𝑚𝑎𝑔𝑒 𝑐𝑢𝑟𝑣𝑒 
Where 𝐼𝑟𝑎𝑡 is a rated current of the transformer [A], 𝑢𝑘 is a short-circuit voltage of a transformer [%], 𝐾 is a heating factor and 𝑐𝑓 is a fault current factor – equal to 70 for category II transformers. 
4.1.3 Incomer - Line Block 
 
Figure 4.3 – Overcurrent protection settings for REF 615 - line incomer. 
𝐼>>>(𝑐𝑎𝑙𝑐) and 𝐼𝑘2𝑚𝑖𝑛 presented on a chart with dashed red lines. Cable damage curve was calculated by DigSILENT software automatically and consist of four components: rated current curve, a short-time 
withstand curve, a long-time withstand curve and an inrush curve. 
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Rated current curve equation: 
𝐼(𝑡) = 𝐼𝑛𝑜𝑚, [𝐴]  
Short-time withstand curve equation drawn for 0.1𝑠 ≤ 𝑡 ≤ 10𝑠 (DigSILENT user manual chapter 33 p. 
806): 
Using the rated short-time withstand current: 




Where 𝐼𝑡ℎ𝑟 is a rated short-time current of the line, [A]; 𝑇𝑡ℎ𝑟 is a rated short-time duration, [s]. Using conductor/insulation parameters: 
𝐼(𝑡) =
𝐹𝑎𝑐 ∙ 𝑘 ∙ 𝐴
√𝑡
, [𝐴] 
Where 𝐹𝑎𝑐 is a lateral conductivity, [-]; A is a conductor cross-sectional area, [ 𝑚𝑚2𝑘𝑐𝑚𝑖𝑙] and k is a 





k parameter could be calculated according to IEC equation [9]: 









Where 𝑐1𝑎𝑛𝑑 𝑐2 are material constants, [-]; 𝜃𝑓is a maximum short-circuit temperature, [℃]; 𝜃𝑖 is an initial temperature, [℃]. 
 
 
Table 4.1 – Material Constants for Short-Term Withstand Calculation 
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Figure 4.4 – Overcurrent protection settings for REF 615 – bus tie. 
To check time and current selectivity two parts of a grid presented: 
 
Figure 4.5 – Overcurrent protection settings selectivity between motor and line incomer 
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Figure 4.6 – Overcurrent protection settings selectivity between transformer and line incomer 
 
Figure 4.7 – Overall overcurrent protection settings selectivity of 161SM01-6.6 kV switchgear 
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4.2 Ground Fault Protection (51N/G) Earth fault protection is set for protection and clearance of earth faults in the distribution network 
within the whole plant. The set value must not exceed the calculated minimum earth fault current to ensure 
proper detection of faults. Definite time characteristic is used. Current threshold value is set below the 
calculated minimum single phase to ground short circuit current (Figure 4.8).  
 
Figure 4.8 – Overall earth fault protection setting selectivity of 161SM01-6.6 kV switchgear. 
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5 Protection relays setting definition Downstream side of a low voltage switchgear 161MC01-0.4kV presented with LV simulation and circuit breakers: 




√3 ∙ 𝑈 ∙ 𝑐𝑜𝑠𝜑
= 2309 𝐴 
 
5.1 Three-phase non-directional overcurrent protection (PHxPTOC); (50/51) There are up to maximum of three stages for current protection settings considered as protection against short circuit and overload in feeders 6.6kV voltage levels. Definite time instantaneous, high stage (50) and low set over current (51) protection. When at least one phase current exceeding the pre-set threshold value, the relay will deliver a trip command or activate a timer, depending on the location of the protection in the distribution levels. When the set operating time has elapsed and the current is still above the threshold value, the trip command is issued. 
Low stage of 3-phase overcurrent protection: 
Low stage overcurrent protection has an IDMT curve set to protect the downstream equipment against overload. The set value is related to the nominal current of the connected load. Three types of IDMT characteristics are used – Normal inverse, Very inverse and Extremely inverse. Characteristic type and time multiplier k(t) set to fulfil condition: 20% overload shall be tripped in range 10~20 seconds. 
High stage of 3-phase overcurrent protection: 
High stage overcurrent protection has definite time characteristic set to the protection on the secondary side of transformers against short circuit. The setting value of this function must not exceed the calculated minimum short circuit current which happens in secondary side of transformer to ensure proper detection of faults. 
Instantaneous stage of 3-phase overcurrent protection: 
Overcurrent Instantaneous stage has definite time characteristic set to protect downstream equipment against short circuit. The set value must not exceed the calculated minimum short circuit current to ensure proper detection of faults. 
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5.1.1 Motor Block Overcurrent protection of a motor is set with two stages – 51P-1(𝐼>) and 50/51P(𝐼>>>). Starting current considered as eight times higher than nominal: 
 
Figure 5.1 – Motor blocks of a 161SM01 switchgear in case of a two phase short-circuit 
 
I nominal = 32.6 A 







= 8456 𝐴 
The same protection settings could be considered for the spare motor. Both of motors are connected to the same busbar system and have the same parameters - 𝑆𝑟𝑎𝑡 , rpm, efficiency and number of poles. 
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5.1.2 Transformer Block 
 
Figure 5.2 – Transformer block of a 161SM01 switchgear 
 
Overcurrent protection for transformer 1,2 and spare transformer consist of three stages. 51P-1, 51P-2 and 50/51P.  Inrush current is considered as eight times higher than 𝐼 𝑛𝑜𝑚 and which lasts for eight seconds: 
 








Inrush Transformer curve  
Inom multiplier t, [sec] I inrush T-1, [A] 0 0 0.00 0.25 8 35.03 0.5 7.75 70.06 0.75 7.5 105.10 1 7.25 140.13 1.25 7 175.16 1.5 6.75 210.19 1.75 6.5 245.23 2 6.25 280.26 2.25 6 315.29 2.5 5.75 350.32 2.75 5.5 385.36 3 5.25 420.39 3.25 5 455.42 3.5 4.75 490.45 3.75 4.5 525.49 4 4.25 560.52 4.25 4 595.55 4.5 3.75 630.58 4.75 3.5 665.62 5 3.25 700.65 5.25 3 735.68 5.5 2.75 770.71 5.75 2.5 805.75 6 2.25 840.78 6.25 2 875.81 6.5 1.75 910.84 6.75 1.5 945.87 7 1.25 980.91 7.25 1 1015.94 7.5 0.75 1050.97 7.75 0.5 1086.00 8 0.25 1121.04 Table 5.1 – Transformer inrush current values 
 
I nominal primary = 140.13 A 




















= 8348 𝐴 
5.1.3 Incomer – Line and Bus Tie Block 
 
Figure 5.4 – Line incomer and bus tie block of a 161SM01 switchgear. Values in a row: Short-circuit power; initial values of a short-circuit and peak value of a short-circuit on phase B. 
 
REF 615 for line incomer: 
I nominal in ground = 363 A 
𝐼>(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) =  𝐼𝑛𝑜𝑚.𝑙𝑖𝑛𝑒 ∙ 𝑐𝑑 ∙ 𝑐𝑠 = 363 ∙ 0.8 ∙ 1 = 290.4 𝐴, where 𝑐𝑑 – derating factor, 𝑐𝑠 – safety coefficient. 
𝐼>>>(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) ≤





= 8456 𝐴 
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The same protection settings will be considered for the L-2. 




= 8456 𝐴 
To verify if this stage was set enough not to trip in a full load operational mode, load flow calculations in DigSILENT used: 
 
Figure 5.5 – Line incomer and bus tie block of a 161SM01 switchgear. Values in a row: Active power; initial value a current and a power factor. 
0.108 𝑘𝐴 < 0.209 𝑘𝐴; 
𝐼𝑙𝑜𝑎𝑑 < 𝐼>(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) 
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5.2 Three-phase overvoltage protection (PHPTOV); (59); (3U>) The three-phase overvoltage protection is set to protect power system elements from excessive voltages that could damage the insulation and cause insulation breakdown. The over voltage protection measures the phase to phase voltages. Trip signal is issued when measured value of phase to phase voltage exceeds pre-set value and when the settable delay time is exceeded. 
 
5.2.1 Incomer Block Start value:  
𝑈> ≤ (1.1 − 1.2) ∙ 𝑈𝑛 , 115% of overvoltage will be considered. 
𝑈> = 1.15 ∙ 6.6 = 7.59 𝑘𝑉 
Min operate time:  
𝑡𝑚𝑖𝑛 = 1 𝑠𝑒𝑐 
 
5.3 Under Voltage Protection (PHPTUV); (27); (3U<) The undervoltage protection measures the phase to phase voltages. Trip signal is issued when measured value in one phase falls below the pre-set value and when the settable delay time is exceeded. 
 
5.3.1 Motor Block Start value:  
In case data from manufacture is not provided, the threshold value can be set to 80% 
𝑈> = 0.8 ∙ 𝑈𝑛, 80% of under voltage limit will be considered. 
𝑈> = 0.8 ∙ 6.6 = 5.28 𝑘𝑉  
Min operate time:  
𝑡𝑚𝑖𝑛 = 1 𝑠𝑒𝑐 
 
5.3.2 Incomer Block Start value:  
𝑈> = 0.8 ∙ 𝑈𝑛, 80% of under voltage limit will be considered. 
𝑈> = 0.8 ∙ 6.6 = 5.28 𝑘𝑉 
Min operate time:  
𝑡𝑚𝑖𝑛 = 1.2 𝑠𝑒𝑐, will be considered for selectivity purposes. 
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5.4 Ground Fault Protection (51N/G) Ground fault protection is set for protection and clearance of earth faults in the distribution network within the whole plant. The set value must not exceed the calculated minimum earth fault current to ensure proper detection of faults. Definite time characteristic is used. Current threshold value is set below the calculated minimum single phase to ground short circuit current.  
Trip time for 6.6kV motor and transformer feeder are set to 200 ms and 50 A in order to avoid wrong tripping of earth fault protection due to CT saturation during inrush. Also, for diploma project case inrush current zero sequence value considered such small that could be neglected. Neutral grounding resister with resistivity value 50 Ohms will be considered. 
 
5.4.1 Motor Block 
 
Figure 5.6 – Motor block single phase to ground values – initial short-circuit power, initial short-circuit value and initial short-circuit peak value.  
 
Start current value:  
𝐼0>>> = 50𝐴 (CT ratio) 
Min operate time:  
𝑡𝑚𝑖𝑛 = 200𝑚𝑠,  
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5.4.2 Transformer Block 
 
Figure 5.7 - Transformer block single phase to ground values – initial short-circuit power, initial short-circuit value and initial short-circuit peak value.  
 
Start current value:  
𝐼0>>> = 50𝐴  (CT ratio) 
Min operate time:  
𝑡𝑚𝑖𝑛 = 200𝑚𝑠,  
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5.4.3 Incomer Block  
 
Figure 5.8 - Incomer block single phase to ground values – initial short-circuit power, initial short-circuit value and initial short-circuit peak value. 
Bus Tie: 
Start current value:  
𝐼0>>> = 50𝐴, (CT ratio limit)  
Min operate time: 𝑡𝑚𝑖𝑛 = 350𝑚𝑠, time selectivity considered 150ms delay from the downstream relay. 
 
Incomers: 
Start current value:  
𝐼0>>> = 50𝐴, (CT ratio limit)  
Min operate time: 𝑡𝑚𝑖𝑛 = 500𝑚𝑠, time selectivity considered 150ms delay from the downstream relay. 
 
74  
6 Evaluation of results  
Single line diagram was successfully made in a DigSILENT software. Such element types were 
defined – external grid, busbar systems, line incomers, bus tie, AC motors, transformers and load simulation. 
Load flow calculations were provided as a test of equipment. After this, short-circuit calculations were 
made.  
Protection settings functions were calculated, and selectivity charts made. It could be admitted, that 
calculated stages for OC protection have more or less the same values with the values set in a final OC 
protection functions. According to the results, time delay between relays were set enough to consider 
selectivity purposes. Also, inrush currents were taken into consideration. They were simulated and checked 
in DigSILENT software and in excel calculator.  
 Conclusion  
Software was tested successfully by using a real industrial network example. Calculations were 
made in regards of IEC , IEEE standards. All types of equipment in an industrial network were defined 
correctly. Overcurrent, undervoltage, overvoltage and ground fault protection functions were calculated. 
Selectivity charts were made for each type of electrical equipment used. Charts include information about 
51P-1, 51P-2, 50P/51P, 51G and 50G stages.  
Diploma thesis’s project gave an opportunity to improve skills not only in one type of a software, 
but to extend knowledges in relay protection functions setting and selectivity standards. Using a real 
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